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Abstract
Chemical Stratigraphy, or the study of the variation of chemical elements within sedimentary sequences, has gradually become an expe-
rienced tool in the research and correlation of global geologic events. In this paper 87Sr/ 86Sr ratios of the Triassic marine carbonates (Mus-
chelkalk facies) of southeast Iberian Ranges, Iberian Peninsula, are presented and the representative Sr-isotopic curve  constructed for the 
upper Ladinian interval. The studied stratigraphic succession is 102 meters thick, continuous, and well preserved. Previous paleontological 
data from macro and micro, ammonites, bivalves, foraminifera, conodonts and palynological assemblages, suggest a Fassanian-Longobar-
dian age (Late Ladinian). Although diagenetic minerals are present in small amounts, the elemental data content of bulk carbonate samples, 
especially Sr contents, show a major variation that probably reflects palaeoenvironmental changes. The 87Sr/86Sr ratios curve shows a rise 
from 0.707649 near the base of the section to 0.707741 and then declines rapidly to 0.707624, with a final values rise up to 0.70787 in the 
upper part. The data up to meter 80 in the studied succession is broadly concurrent with 87Sr/86Sr ratios of sequences of similar age and 
complements these data. Moreover, the sequence stratigraphic framework and its key surfaces, which are difficult to be recognised just 
based in the facies analysis, are characterised by combining variations of the Ca, Mg, Mn, Sr and CaCO
3 
contents 
Keywords: Strontium isotope, Chemostratigraphy, Muschelkalk, Middle Triassic, Iberian Ranges
Resumen
La Quimioestratigrafía o el estudio de la distribución geoquímica de los elementos y sus variaciones en las secuencias sedimentarias, se 
ha convertido en una herramienta de interés para la investigación y correlación de eventos geológicos globales. En este trabajo, se analizan 
los valores de la relación isotópica 87Sr/86Sr de los carbonatos marinos en facies Muschelkalk del Triásico del sureste de la Cordillera Ibérica 
que han sido atribuidos al Ladiniense superior. La sucesión tiene un espesor de 102 m, es continua y está muy bien preservada. Los datos 
paleontológicos de estudios previos basados en macrofauna de ammonites y bivalvos, y en microfauna de foraminíferos, conodontos y aso-
ciaciones palinológicas, sugieren un intervalo de tiempo Fassaniensen-Longobardiense. El análisis detallado de la petrología y geoquímica 
de los carbonatos, demuestra que la mayor parte de la sucesión no ha sufrido una diagénesis intensa. La variación vertical de las relaciones 
isotópicas del contendido en Sr indica un cambio paleoambiental significativo en las características químicas del mar triásico del Tetis para 
este sector. La relación 87Sr/86Sr es de 0.707649 en la base de la sección, aumenta ligeramente en sentido vertical hasta valores de 0,707741 
para disminuir rápidamente a 0,707624. En el techo de la serie las cantidades aumentan de nuevo hasta 0,70787. Los valores obtenidos de 
la relación 87Sr/86Sr en los primeros 80 metros de la sucesión, coinciden con las relaciones obtenidas en secuencias de la misma edad en 
otros ámbitos del mar del Tetis. La combinación de las variaciones de elementos traza de Ca, Mg, Mn y Sr y del contenido total CaCO
3
 ha 
permitido además, caracterizar geoquímica y mineralógicamente el análisis secuencial y el reconocimiento de las superficies que limitan 
las secuencias deposicionales para la región estudiada.
Palabras clave: Isótopos de estroncio, Quimioestratigrafia, Muschelkalk, Triásico medio, Cordillera Ibérica 
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1. Introduction
Chemical stratigraphy, the study of elemental composition 
and isotopic ratios within sedimentary sequences, has become 
a useful tool in the research and correlation of global geologi-
cal events, although higher resolution datasets are needed to 
construct the best curves of the evolution of isotope ratios 
and elements of particular interest to correlations. This article 
includes a study of 87Sr/86Sr ratios, trace elements and miner-
alogies of bulk carbonate samples. Despite the fact that the 
87Sr/86Sr trend has potential for dating and correlating rocks, 
only one study has used strontium isotopes in northern Spain 
(Sopeña et al., 2009) trying to date a Triassic succession. 
The strong diagenetic transformations, essentially dolomiti-
zation, that affect most of the marine carbonates comprising 
the Triassic sequences of the Iberian Peninsula are the main 
reason for the lack of studies dating the succession based on 
87Sr/86Sr ratios. Nevertheless, there are some outcrops where 
the composition of most of the stratigraphic succession con-
sists of limestones and dolostones where it is possible to de-
velop a Sr-isotope stratigraphy with adequate assurance that 
the original isotopic signal has been preserved. This study 
presents data from the Muschelkalk in the SE of Spain, in the 
Alpera-Montealegre del Castillo region (Fig. 1), where the 
marine carbonates are considered to preserve their original 
geochemical signal and the 87Sr/86Sr ratio permits dating, es-
tablish correlations, determine facies relationships and make 
palaeoenvironmental reconstructions. 
Seawater chemistry has varied with global climate through-
out Earth’s history, with ion ratios such as Mg/Ca and Sr/Ca 
useful for determining paleo-ocean conditions (Cohen et al., 
2002). Their variations in seawater are related to carbonate 
sedimentation and represent the main factor involved in the 
regulation of the mineralogical nature of inorganic CaCO
3
 
(MacKenzie and Pigott, 1981; Wilkinson and Given, 1986), 
and they are as well of great influence to the marine biota 
and the distribution of carbonate sediments (Lowenstein et 
al., 2001). Variations in the Mn supply during sedimentation 
has been used as an indication of continental or hydrothermal 
origin of the materials, as well as being indicative of oxygen 
contents, where reducing environments lead to formation of 
Mn-poor carbonates, whereas oxidizing environments lead to 
formation of Mn-rich sediments (Renard, 1985). In a similar 
way, strontium isotopic composition of ancient seawater has 
served as a proxy for understanding the tectonic evolution of 
the Earth system as well as a tool for stratigraphic correla-
tion (Korte et al., 2003). The 87Sr/86Sr signature of seawater 
reflects fluctuations in the relative importance of strontium 
fluxes and their isotope ratios into the ocean (Burke et al., 
1982; Veizer et al., 1999). These are 1) the riverine input of 
radiogenic Sr due to continental silicate weathering and 2) 
the “mantle Sr” from hydrothermal circulation at mid-ocean 
ridges (Faure, 1986), likely coincident with the second-or-
der sea level fluctuations (Gaffin, 1987). There are as well 
Sr fluxes from groundwater and from carbonate diagenesis 
(Veizer, 1989). Uplift phases are coincident with falling sea 
levels, exposing large areas and the subsequent erosion a gen-
esis of detrital material.
This study focuses on the analysis of a Triassic succession 
located in the southern part of the Iberian Range. From the 
Middle Permian to Early Triassic, the Iberian Plate was near 
the western margin of the Tethys Sea, which was located close 
to the intertropical convergence zone (Stampfli and Borel, 
2002). A complex system of rift basins developed in Central 
and Western Europe, produced by the extensional collapse of 
the Variscan Belt and the westward advance of the Neotethys 
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Fig. 1.- Geologic setting and location of 
the “Rambla del Cuchillo” section. The 
outcrop corresponds to the Triassic of 
Alpera-Montealegre del Castillo region. 
Section coordinates: 38º 52’ 07.38” 
N/1º 15’ 14.86” W
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2. Materials and methods
The characteristics of the outcrop permit a very detailed 
study of the main vertical facies successions and determine 
the environments of deposition. For the geochemical char-
acterisation of samples, calcite mudstones and wackestones 
have been chosen as they are considered to retain more ac-
curately their original isotopic composition due to their lower 
permeability character in comparison to associated grain-
supported rocks (Fig. 3). Previous to any isotopic analyses, 
the amount of diagenetic phases in each sample was assessed 
by a combination of petrographical observations, SEM, 
cathodoluminescence, ICP and XRD analyses. Conventional 
petrography analyses were performed on 20 thin sections 
stained with alizarin red to differentiate calcite from other 
carbonate minerals, and they were as well observed under 
fluorescence and cathodoluminescence. Scanning electron 
microscopy (SEM) observations were made on gold-coated 
samples using a JEOL 6400 electron microscope working at 
20 kV and with a resolution of 35 Å. ICP analyses, performed 
at the CAI of Técnicas Geológicas UCM, was used to obtain 
the trace elements contents, and data was submitted in ppm. 
The samples were analysed by the BRUKER Aurora Elite 
Mass spectrometer. Powdered samples were mineralogical-
ly characterized using a Philips PW-1710 X-ray diffraction 
(XRD) system operating at 40 kV and 30 mA, and employing 
monochromated CuKα radiation. XRD spectra were obtained 
from 2º to 66° 2θ. The mineral phases were identified by com-
paring the experimental reflections spacing with those from 
the Index X-Ray data for minerals (JCPD). Several limestone 
samples from the carbonate units were analysed by the Geo-
chronology and Isotopic Geochemistry Laboratory of the 
Complutense University (Madrid, Spain). Samples dissolu-
tion was carried out in hydrochloric acid (2.5N) on a hotplate 
at 80 °C to complete dryness. Then, the residue was dissolved 
in 2ml of 2.5N HCl and centrifuged (10 minutes at 4000 rpm) 
to eliminate possible undissolved remains. Finally, the Sr 
separation of the supernatant was performed through a chro-
matography column using DOWEX AG-50Wx12 (200/400 
mesh) resin (previously calibrated) along with 2.5N HCl as 
eluent. The resultant concentrated Sr was dried and dissolved 
in 1 ml of 1M phosphoric acid and the isotopic ratios were ob-
tained by mass spectrometry Thermal ionization-VG TIMS 
SECTOR 54, with 5 Faraday detectors through the meas-
uring system by dynamic multicollection (McArthur et al., 
1998). The values of Sr were corrected for possible isobaric 
interference from 87Rb and normalized to the value 86Sr/88Sr = 
0.1194. During analysis, the isotopic standard NBS-987 was 
measured and a value of 0.710285 ± 0.00004 was obtained 
at level 2s for the 87Sr/86Sr ratio for a number of data of n=7. 
This coincides with the value obtained for the same stand-
ard in the laboratory (0.710254 ± 0.00004). The analytical 
error for the 87Sr/86Sr ratio was 0.01 %. Statistical regression 
was performed using LOWESS (Locally Weighted Scatter-
plot Smoother) V3 software (Cleveland, 1979; Chambers et 
(Ziegler and Stampfli, 2001). In the Iberian Plate, three main 
rift systems accommodated a complicated Permian to Ceno-
zoic record that, after tectonic inversion, formed the Betics, 
Pyrenean–Cantabrian mountain belt, the Catalan Coastal 
Ranges and the Iberian Ranges (De Vicente et al., 2009). Tri-
assic deposits in the Iberian Peninsula have been extensively 
studied from a sedimentological point of view (Ramos et al., 
1986; López-Gómez et al., 2002; Sopeña, 2004), and their 
lithostratigraphic divisions are characterized and used as ref-
erences for Triassic sequences from south Germany and ad-
jacent areas in Europe (Ziegler, 1990; Aigner and Bachmann, 
1992; López-Gómez et al., 2002; Sopeña, 2004), being the 
classic Germanic-type terms used as facies descriptions and 
not as time intervals. During the Early Triassic, the Iberian 
Microplate was covered by sandstones and conglomerates of 
Buntsandstein character. During the Middle Triassic two ma-
rine transgressions advanced from the east and covered the 
eastern part of the Iberian Peninsula during which Muschel-
kalk carbonates were laid down (Sopeña et al., 1988; López-
Gómez et al., 2002; Bourquin et al., 2011; Mercedes-Martín 
et al., 2014). Subsequently, during the overall regression that 
took place in the Upper Triassic, red and grey clays and marls 
with anhydrite, gypsum and sometimes sandstones were de-
posited. This upper unit is the Keuper, which, just like the 
Muschelkalk and Buntsandstein, contains materials analo-
gous to those deposited in a large part of Western Europe 
during the same time span (Bourquin et al., 2011; Escavy et 
al., 2012; Arche and López-Gómez, 2014). The ages of the 
different Triassic units are based on biostratigraphy (López-
Gómez et al., 2002). Triassic deposition culminated with an 
upper carbonate sequence of Norian age, Zamoranos Forma-
tion, defined by Pérez-López et al. (1992) in the study area 
and revised by Pérez-López et al. (2012).
The Alpera-Montealegre del Castillo area is located in the 
southern part of the Iberian Range, in the northeastern Preb-
étic Zone (Fernández and Pérez-López, 2004). The Triassic 
stratigraphic succession in this area is composed of three 
main lithofacies: the lower part of the succession corresponds 
to the Buntsandstein facies, the middle part to the Muschel-
kalk, and the Keuper facies form the upper part of the suc-
cession. According to Sopeña et al. (1990), in the study area 
(Fig. 1) the Muschelkalk consists of a lower dolomitic unit 
called Tramacastilla Fm. and an upper unit, Royuela Fm., 
composed of limestones, dolostones and marls. Both units 
constitute the Siles Formation defined by Perez-Valera 
(2005) and include the “Rambla del Cuchillo” section (Co-
ordinates: 38º 52’ 07.38” N/1º 15’ 14.86” W, Elevation: 795 
m NM, Fig. 2), which has been analyzed from a sedimento-
logical, petrographical and geochemical points of view. 
The aim of this work is to present a new section of refer-
ence of the Sr-isotope stratigraphy of the mid-Triassic car-
bonate platforms of the western Tethys in an area from which 
very little Sr data exist due to the commonly strong dolomiti-
zation processes that have undergone the carbonates forming 
the sequences.
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preserve their original geochemical composition and even 
the existence of subtle diagenetic alteration that may have 
overprinted the primary palaeoceanic geochemical signal 
(Veizer, 1995; Bruckschen et al., 1999). The degree of dia-
genetic alterations is mainly controlled by the water-rock 
ratio (Banner and Hanson, 1990), that is, the “open-ness” 
of the diagenetic system, and it can vary between different 
constituents of a carbonate (Veizer, 1983). 
The first attempt searching for diagenetic overprints was 
the establishment of the samples Preservation index (PI of 
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al., 1983; Thisted, 1988; Cleveland et al., 1992), to obtain 
numerical ages with 95 % confidence limits for any given 
87Sr/86Sr value (McArthur et al., 2001). 
2.1. Preservation of carbonate original composition
In order to establish the geochemical and the carbonates 
isotopic signals as a direct correlation of the sea water from 
the time at which they formed (which is one of the aims 
of this work) it has to be demonstrated that the carbonates 
Fig. 2.- Stratigraphic section of “Rambla de 
Cuchillo” and the 87Sr/86Sr curve. The sam-
ples, numbered according to corresponding 
level, are the ones used for the geochemical 
and mineralogical diagrams. TST: Trans-
gressive Systems Tract. MFZ: Maximum 
Flooding Zone. HST: Highstand Systems 
Tract. LST: Lowstand Systems Tract. 
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Cochran et al., 2003) based on petrological and SEM char-
acterisation. As PI changes from 5 to 1 (excellent to bad 
preservation), the 87Sr/86Sr ratio decreases, together with a 
lowering of the Sr/Ca ratio (Cochran et al., 2010). In this 
study, most samples have PI higher than 3 with no major al-
terations, and normally samples with PI higher than 3 do not 
show significant variations of the 87Sr/86Sr ratio (Cochran 
et al., 2010). Although the Sr/Ca seems to show certain in-
verse correlation with a decrease of the 87Sr/86Sr ratio (Fig. 
4A), when analysing the Sr/Ca values in detail it is noted 
a sharp fall. Looking at the correlation of Sr/Ca ratio with 
the 87Sr/86Sr there are two differentiated populations (Fig. 
4A1 and 4A-2): it is appreciated there is no correlation of 
the basal part of the data (up to samples from meter 80 in 
the section), indicating no significant diagenesis of this 
samples; meanwhile, the data towards the top seem to have 
some inverse correlation that could be indicating a diage-
netic overprint of these samples. Trace element contents 
have as well been analysed in detail to determine possible 
postdepositional overprints. The samples from the lower 
part of the section (up to meter 80) in general show Sr con-
tents with average values of 500 µg/g, and Mn contents with 
average values of 30 µg/g (Table 1). Corresponding Mn/Sr 
ratios are also < 2 µg/g (average value of 0.06). These el-
emental values of the lower part of the section are higher 
than the minimum Sr content (> 150 µg/g) and far below the 
maximum Mn content (250 µg/g) commonly used as cut-off 
limits (Korte et al., 2003; Brand and Veizer, 1980) indicat-
ing diagenetic alterations. The Mn/Sr values appear as well 
much lower than the maximum ratio (2) of the cut-off limit 
suggested by Jacobsen and Kaufman (1999) indicative of 
diagenetic modifications. 
As a final test to discriminate any postdepositional trans-
formation of the carbonates element ratios (Mg/Ca and Mn/
Ca) were also plotted vs. 87Sr/86Sr (Fig. 4). The lack of cor-
relation of element ratios contents with the 87Sr/86Sr curve 
2 mm 2 mm
2 mm2 mm
BA
C D
Fig. 3.- Photomicrograph from a section of one the studied mud-
stones.  A, Planar polarized light. The sample is mostly composed 
of micrite and no major diagenetic processes are detected. B, Thin 
section under cross polarized light where the calcitic character of 
the sample is observed. C, Same thin section as B, under fluores-
cence light. There are no organic materials of interest. D, Sam-
ple under cathodoluminescence showing the dull character of the 
components, indicating that the sample did not undergo diagenetic 
modifications.
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suggests as well none or minimal postdepositional alteration 
(Rosales et al., 2001; Nieto et al., 2008). The effect of eo or 
telodiagenetic processes by meteoric water in the different 
carbonate components commonly is reflected by increasing 
textural alteration of the matrix that change successively 
from micrite to microsparite, to minor pseudosparite and/or 
to precipitation of interparticle sparite cement. This physical 
evolution is accompanied by concomitant changes in trace 
element composition, in particular, Sr decreases and Mn in-
creases. These elements trend change is observed in the up-
per part of the section (from meter 80 towards the top of the 
succession), and therefore, and as indicated herein, it is in-
ferred diagenetic overprint of this upper part of the section.
3. Results
3.1. Stratigraphic and sedimentological setting
Despite differences between areas and units, Middle Tri-
assic carbonate systems in Spain, Muschelkalk facies, have 
been interpreted by all authors as representing a carbonate 
epeiric platform with a ramp profile (Sopeña et al., 1988; 
Calvet et al., 1990; López-Gómez et al., 2002; Pérez-Valera 
and Pérez-López, 2008, Pérez-López and Pérez-Valera, 2012; 
Pérez-López et al., 2012; Escudero-Mozo et al., 2015). With-
in this context, the Alpera-Montealegre del Castillo Muschel-
kalk carbonates were formed in a gentle slope epicontinental 
carbonate platform. The main lithofacies and depositional 
subenvironments (Fig. 2), from base to top, are briefly sum-
marized as follows:
Intertidal to subtidal deposits (levels 1 to 9)
The lower Muschelkalk deposits overlie Buntsandstein 
mudstones and sandstones, and consist of nodular bedded 
dolostones and green to grey marls. Dolostones show undu-
lating and flatter algal lamination, bird eye structures, ripple 
lamination and bioturbation. A fossiliferous level, yielding 
mainly fragments of bivalves and gastropods, is located at 
the top. These deposits were formed as microbial mats in a 
subtidal to intertidal environment of a shallow platform sys-
tem, associated to planar-laminated stromatolites (Calvet et 
al., 1990). These sediments correspond to very shallow upper 
shoreface to foreshore carbonate environments. 
Offshore transition (levels 10 to 20) 
This part of the succession is characterized by offshoal and 
foreshoal deposits and corresponds to a classical shoreface 
to offshore transition. At the base, the low energy sequence 
(Fig. 5, sequence-type e) is composed of interbedded green 
marls, thin grey dolostones and marly-dolostones. At the 
lower levels, the facies display parallel and ripple lamina-
tion. Bioturbation and poorly preserved small fauna remnants 
are present, and some intervals have brachiopods accumu-
lation and iron-oxide mineralization. All these sedimentary 
Sample Height %CaC0
3
87Sr/86Sr %Ca Ca(µg/g) Si(µg/g) Mg (µg/g) Fe(µg/g) Mn(µg/g) Sr(µg/g)
RC-62 112.27 90 0.707772 39.15 391500 4700 3100 1500 30 18
RC-60 103.93 87 0.707933 38.27 382700 18900 7000 4000 26 31
RC-59 102.82 92 0.70783 37.79 377900 12600 4900 3000 32 40
RC-56 98.93 90 0.707893 38.59 385900 8700 2900 2500 58 36
RC-55-2 97.27 90 0.70779 38.37 383700 10400 4300 2300 30 47
RC-551-71 95.60 - 0.707887 38.03 380300 12700 4300 2500 26 36
RC-55-1 93.93 89 0.707834 38.39 383900 11400 3200 1800 32 45
RC41-2 80.04 92 0.707624 38.73 387300 8400 3100 2100 25 43
RC-41-1 77.27 90 0.707729 38.5 385000 10700 3500 1900 27 59
RC-40 74.49 91 0.707741 38.58 385800 9600 2900 2700 34 91
RC-38 71.71 89 0.7077 38.04 380400 12300 4900 2900 29 98
RC-36 68.93 89 0.707676 38.21 382100 12100 4200 2500 41 426
RC-33 61.16 90 0.70765 38.6 386000 8000 4300 2000 22 347
RC-32 59.49 88 0.707681 37.3 373000 17800 4100 3200 66 652
RC-28 54.21 88 0.707689 38.53 385300 8500 4100 2400 26 201
RC-24-70 50.16 - 0.707684 39.15 391500 5200 2000 1400 14 234
RC-24 48.66 91 0.70762 38.87 388700 6400 2600 1700 23 327
RC-20 45.04 91 0.707651 38.94 389400 4600 5100 2900 32 375
RC-18-3 43.66 91 0.707643 39.3 393000 4600 3200 1100 12 385
RC-18-2 42.82 91 0.707662 39.11 391100 5400 2000 900 30 1049
RC-18-1 41.99 89 0.707641 38.51 385100 7200 2300 1700 25 1038
RC-17T 40.60 90 0.707649 38.71 387100 6800 3500 3300 21 572
Table 1. Geochemical data of samples from the Rambla del Cuchillo section
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materials were deposited under low energy conditions but 
occasionally distal storm deposits (show parallel and ripples 
lamination) were formed in this area. The dark colour indi-
cates oxygen-depleted or anaerobic condition. Within these 
facies, at 15 meters from the base of the succession, appears 
Gevanites (Curionii Zone, Brack et al., 2003; Brack et al., 
2005), which serves to date biostratigraphically this level. 
Based on these characteristics and the relationship with sur-
rounding facies, these deposits are interpreted as low energy 
associations formed bellow storm wave-base offshore depos-
its. In the palaeoenvironmental reconstruction of the Alpera-
Montealegre del Castillo Upper Ladinian carbonate platform, 
these facies are interpreted as offshoal deposits. 
Overlaying the previous sequences appear different moder-
ate to high-energy facies, interpreted as storm deposits inter-
bedded with low energy facies. The storm facies appear as 
three distinct facies associations. The first storm facies, the 
most prevalent and located on top of offshore deposits (at a 
height of 30 m), is composed of gutter and pot casts facies, 
with small isolated erosional structures that are filled by fine 
grained dolostones with bivalves and brachiopod fragments 
and/or limestones with shell debris (Fig. 5 sequence-type d). 
The second type of storm facies is characterised by bioclas-
tic limestones with hummocky structures. The limestones 
are packstones to wackestones interbedded with marls, with 
abundant bivalves, gastropods, brachiopods, echinoderms, 
sponge spicules, crinoids, ostracods and foraminifera. Pro-
fuse bioturbation is present too. Hummocky cross-stratifica-
tion, typical feature of storm deposits formed just above the 
storm wave base level, is present at some levels (e.g. level 
17). The third type of storm facies is composed of thin lime-
stones with shell-debris. It appears at top of storm facies 1 
and 2, or even cross cutting them.
These materials are interpreted as storm deposits formed 
in shallow waters, probably formed just below fairweather 
wave-base, between the shoreface and offshore transitional 
zones correlated to similar storm dominant successions in the 
Prebetic areas (Pérez-López, 2001; Pérez-Valera and Pérez-
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Fig. 5.- Depositional sequence model for Muschelkalk epeiric carbonate platform at “Rambla del Cuchillo” section. 
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López, 2008; Pérez-López and Pérez-Valera, 2012). Accord-
ing to Myrow (1992a), gutter and pot facies are generated by 
rotary and helical flows during storms. Storm facies 1 and 2 
represent a progressive step towards an area of storm domi-
nated conditions with higher energy water levels (Aigner and 
Futterer, 1978; Myrow, 1992 a, b; Pérez-López, 2001). Storm 
facies 3 is interpreted as deposits where bioclasts were con-
centrated by being winnowed by storm waves. Storm depos-
its are placed mainly at the fore-shoal sub-environment.
Shoals (levels 21 to 36) 
The overlying facies association is characterised by moder-
ate to high energy deposits represented by oolitic limestones 
and locally appear facies composed of bioclastic packstones 
and grainstones. Both facies associations have planar and 
trough cross-bedding stratification, including low-angle and 
current and wave ripples as well as flasher structures. Bio-
clastic fragments, bivalves, gastropods, brachiopods, echino-
derms, ostracods, nodosarids and pellets, among other fossil 
remnants, are abundant (Fig. 5, sequence-type c). No emer-
sion marks were found, but in the two last sequences stroma-
tolite lamination can be observed at tops, pointing to shal-
low (subtidal to intertidal) conditions, as currently occur in 
Bahamas. Vertebrate bones appear in the last sequence. The 
facies indicate sedimentation and reworking due to frequent 
high-energy hydrodynamic condition periods. These deposits 
are interpreted as oolitic-bioclastic shoal patches formed in 
the shoal zone, which suggests the formation of a thin, high 
energy shore-parallel shoal complex and the genesis of an 
open sheltered environment located behind it, though there 
was not a major barrier. Interbedded bioturbated mudstones 
indicate calm periods.
Restricted subtidal (levels 37 to 43) 
This facies association is composed of black-muddy lime-
stones, packstones to wackestones, and marls that appear lo-
cally bioturbated. They display lamination at their bases and 
change upward to nodular bedding (Fig. 5, sequence-type b). 
These are interpreted as being deposited in a sheltered en-
vironment or backshoal area under open marine conditions, 
meaning the shadow back part of a shoal complex towards 
the continent. The nodular texture is the result of intense bio-
turbation and/or diagenetic overprints, although this last pos-
sibility is less compatible with the petrographic observations. 
Parallel lamination and current and wave ripples are also fre-
quent. The interbedding of grainstones and muddy sediments 
indicates the existence of spill-over lobes produced during 
storm conditions. The low-energy backshoal deposits also 
contain limestone layers with thin shell-debris of valves that 
appear horizontal and concave-down, which correspond to 
storm deposits where bioclasts were concentrated after being 
winnowed by storm waves. The low-energy backshoal facies 
are interpreted to represent fair-weather deposits. 
Tidal Flat (levels 44 to 64) 
Towards the uppermost part of the “Rambla del Cuchillo” 
Muschelkalk section, the backshoal facies association chang-
es to a succession of grey to green marls that are capped by a 
muddy limestone. Pyrite, halite pseudomorphs, shell-debris, 
current ripples, wave and flasher structures and Rhizocoral-
lium irregulare, are the most prominent features character-
izing the muddy limestone. This facies formed in the inter-
tidal to supratidal part of a platform (Fig. 5, sequence-type 
a). Rhizocorallium rich beds, typical of quiet environments 
such as restricted subtidal areas, appear characteristically 
interbedded with deposits formed under intense storm activ-
ity (Rodríguez-Tovar and Pérez-Valera, 2008). Sparse pyrite 
crystals indicate oxygen-depleted local conditions, although 
it is more likely that reducing conditions were caused by the 
presence of large amounts of organic matter in the tidal flats. 
This facies association displays the progressive transition to-
wards supratidal environment. 
The last few meters of the succession show a predominance 
of intertidal to supratidal facies. These are composed of lami-
nated yellowish dolomitic marls, ochre dolostones and dolo-
mitic marly and mudstone beds. Marls contain thin limonitic 
layers with accumulations of the brachiopod Lingula, which 
is typical of the upper Muschelkalk facies in the Iberian 
Range (Márquez-Aliaga et al., 1999). Ochre dolostone beds 
show mud cracks, tepees and tepee breccias. Lithology and 
sedimentary structures indicate an intertidal environment, 
being the mud cracks, tepees and tepee breccias related to 
supratidal aerial exposure conditions (Pratt and James, 1986). 
A transition from burrowed low energy deposits to supratidal 
dolomicrites indicates a shallowing-upward trend. These de-
posits represent the coastal systems progradation over a gen-
tle slope platform.
3.2. Biostratigraphic data
The biostratigraphy of the “Rambla del Cuchillo” section 
is established by the presence of ammonites (Goy, 1995) and 
palynological associations that have been found in the lower 
unit of the Keuper, K1, within the clays and gypsum depos-
its of the Jarafuel Fm. (Pérez-López, 1996). At 15 meters 
from the base of the section (Fig. 2), appears Israelites and 
Gevanites from the group G. altecarinatus, attributed by Pé-
rez-Valera et al. (2005) to the Curionii zone of Early Ladin-
ian age (Fassaniense). The base of the Curionii zone has been 
accepted as a GSSP boundary (Global Stratototype Section 
and Point) by the IUGS (Brack et al., 2003). A few meters 
upwards, Goy (1995) cites the presence of Protrachiceras sp. 
with other fauna such as bivalves, brachiopods, gastropods, 
equinoderms, foraminifera, and ostracods. This fauna is not 
age indicative but is characteristic of Ladinian sequences 
from other parts of the Iberian Range and the Betic Cordill-
era (Márquez-Aliaga and Ros, 2003; Márquez-Aliaga et al., 
1999). The faunal association that appears at the top of the 
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section, within the succession that forms the Royuela Fm., 
comprises the so-called “Fauna de Teruel” which is char-
acteristic of the Upper Ladinian successions through much 
of the Iberian Cordillera. This fauna is mainly composed of 
Tethyan (Alpine) species (Márquez-Aliaga and Ros, 2003) 
and appears restricted to shallow marine environments.
The palynological assemblages found in the overlying 
unit (K1, Fig. 2) are characterized by the presence of Cam-
erosporites seccatus, Patinasporites densus and Valasporites 
ignacii as the most characteristic species (Solé de Porta and 
Ortí, 1982; De Torres, 1990). This type of assemblage cor-
responds to the so named “secatus-densus” palynoflora by 
Besems (1981a, b) and is characteristic of the Early Carnian 
(Cordevolian) in the Iberian Peninsula (Sopeña et al., 1995) 
and much of Western Europe (Van der Eem, 1983). There-
fore, it can be reasonably ruled out that the succession under 
study, Muschelkalk facies, was formed during the Late La-
dinian time span.
3.3. Petrography 
In this study 20 carbonate samples of Late Ladinian age, 
located between meters 40 and 120 of the section of Figure 
2, representing tidal flat to offshore transition zone environ-
ments, have been characterised petrographically. According 
to the textural classification of Dunham (1962) the studied 
limestones are mainly mudstones and wackestones. We have 
chosen these kinds of materials due to their lower perme-
ability character compared to those of associated grain-sup-
ported carbonates. Fine-grained carbonates usually occur in 
“closed systems”, where mineralogical recrystallization and 
cementation take place from the same, or similar, porewaters 
in which the sediment was deposited, and it is inferred there 
would be a partial or total retention of the original elemen-
tal and isotopic compositions (Banner and Hanson, 1990; 
Marshall, 1992; Wenzel et al., 2000). Consequently, mud-
supported carbonates are considered more likely to retain 
better the original seawater Sr-isotope ratio than associated 
grain-supported rocks. Moreover, fine-grained carbonates 
provide the most suitable material for such research because 
the restricted number of CaCO
3
 producing organism that 
live in these environments limits potential diagenetic per-
turbations (Renard, 1985). The studied samples are a single 
component assemblage (calcite) with only minor quantities 
of other minerals. 
3.5. Mineralogy and Geochemistry
CaCO3 content and relationship with bedding 
The deposits represent a complete range from tidal to off-
shore depositional environment formed in a carbonate plat-
form setting, where limestone and marl deposits alternate 
regularly. XRD analyses indicate that these samples are high-
ly CaCO
3 
pure (87 %-92 % CaCO
3 
content), and no petro-
logical evidences of dolomitization have been observed (Fig. 
3). In general, the CaCO
3
 content (Table 1) shows vertical 
shifts that indicate five maximums and five minimums. The 
CaCO
3
 content of each unit is in accord with the sequential 
trends delineated in the outcrop. These lithological slight 
variations could reflect periodic changes of non-carbonate 
material supply produced during periods of stable carbonate 
production (Beltran, 2006; Beltran et al., 2007). 
Elemental geochemistry 
For this study the Ca, Mg, Mn, Fe and Sr contents were 
measured in 22 mudstones and wackestones (table 1) and 
their vertical variations, which should indicate changes in 
the geochemistry of the waters where the carbonates were 
formed (Fig. 6). The original carbonate phase is assumed 
to have precipitated in equilibrium with its coeval seawa-
ter, in which case it would have incorporated elemental data 
and stable isotopes signatures from it. The comparison of 
the facies analysis with the geochemical and element data 
can serve to characterise the environmental and geological 
context where the sequence was formed. The Mg/Ca varies 
between 5 mg/g and a maximum of 18 mg/g. Although Mg 
content might introduce some uncertainty when interpret-
ing the geochemical signatures of carbonates (Rausch et al., 
2013), our samples have very low Mg values (3.7 µg/g), 
and therefore, we do not expect to find major uncertain-
ties related to its content. Moreover, Mg/Ca ratios show no 
changes with preservation variations (Cochran et al., 2010). 
The inflexions of the curve permit to observe the inverse 
relationship that exist between the Mg/Ca ratio and calcium 
carbonate content, with the exception of the base of the sec-
tion where both curves seem to have similar variations up 
to meter 45. 
The Sr/Ca trend allows discriminating between two parts 
in the succession. The lower part of the succession, up to 
meter 80, has Sr/Ca ratio with values around 0.001 and 
0.003 µg/g, whereas at the top of the sequence the ratio de-
creases close to 0 µg/g. When combining the vertical trend 
of the Sr/Ca ratio and the 87Sr/86Sr values a sharp change 
is observed at meter 80 where tendencies vary drastically. 
Normally, burial diagenesis leads to a decrease of Sr con-
tent, yet the values from deeper parts of the section appear 
to have higher Sr contents than those samples from the up-
per part. The general negative up section trend in Sr content 
observed in the section shows that Sr concentrations reflect, 
at least in the lower part of the studied succession, seawater 
Sr/Ca ratio fluctuations (Cochran et al., 2010). 
Mn content has values of ~ 25 µg/g at the base of the suc-
cession. At a height of 59 m, Mn content has a sharp rise 
up to 66 µg/g. Higher up it decreases again, with variations 
that range between 22 and 42 µg/g, up to meter 100, where 
it increases to 60 µg/g again, followed by a return to the 
normal values of ~ 20 µg/g. Fe content variations correlate 
with Mn, having only significant differences in the upper 
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part of the section, from meter 80. The lower part varies 
from around 1500 µg/g, with a sharp values rise at meter 
58 where it gets up to values between 2000 µg/g and 3300 
µg/g. Upwards of that, values are more or less variable but 
in the same range. 
87Sr/86Sr isotopic values
The analysis of the 87Sr/86Sr ratio permits the separation 
of the succession into two main parts. The first part (up to 
meter 80) has ratio variations ranging between 0.70762 and 
0.70772 whereas, towards the top of the sequence the ratios 
rise up to 0.70790. The biostratigraphic control allows estab-
lishing a Ladinian age (Fassanien) for the lower part of the 
section (based on the appearance of Israelites, and Gevanites 
from the group G. altecarinatus at meter 15), and the upper 
Keuper facies that cap the succession is Carnian in age (Fig. 
2). Therefore, when plotting the 87Sr/86Sr isotope values with 
respect to height, it is observed that they correlate with a spe-
cific part of the Burke et al. (1982) curve, being the values of 
the lower part of the section similar to those of the Tethys Sea 
curve (Korte et al., 2003, Fig. 7). From meter 80, at the same 
level where a sharp reduction of the Sr content is observed 
and a change detected in the outcrop from marine facies to 
more continental influenced environments, the 87Sr/86Sr ratio 
appears much higher. When comparing the mineralogy con-
tent variations with the 87Sr/86Sr values we observe periods 
with a positive correlation between 87Sr/86Sr ratio and rising 
and a coeval or successive increase of the CaCO
3
 content that 
correspond to the main inflexion points of the isotope curve 
trends. These points are located at three height intervals in the 
section and they are named surfaces: surface 1 (meter 42.82), 
surface 2 (meter 59.94) and surface 3 (meter 72).
4. Discussion
In general, this succession corresponds to a Transgressive 
System Tract followed by an overall upward succession with 
a progradation pattern characteristic of a Highstand Systems 
Tract. This sequential arrangement corresponds to a third – 
order depositional sequence similar to the one described by 
Aigner and Bachmann (1992) for Muschelkalk facies in Ger-
many and by Pérez-Valera et al. (2005) for Triassic Muschel-
kalk facies from South-East Spain. 
4.1. Geochemistry and sequence stratigraphy
The sedimentary evolution of the studied succession 
permits to interpret the different system tracts, and the el-
emental analysis complements the facies analysis and helps 
obtaining a comprehensive knowledge of the geochemical 
fluctuations that appear to occur in this succession of the up-
per part of the Middle Triassic in the Iberian Peninsula. The 
comparison of the 87Sr/86Sr, Mg/Ca, Sr/Ca ratios, the Mn, 
Fe, and CaCO
3
 content vertical variations permit to charac-
terise the environmental conditions where these carbonates 
were formed and the major surfaces that, in this case, sepa-
rate 4 different parts. 
Strontium isotopic composition of ancient seawater is 
commonly used as a proxy for understanding the tectonic 
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evolution of the Earth system as well as a tool for high reso-
lution stratigraphic correlation (Korte et al. 2003) and as a 
climatic indicator (Capo and DePaolo, 1990; Zachos et al., 
2001; Veizer et al., 1999; Banner and Hanson, 1990). Sharp 
changes in the 87Sr/86Sr ratio, elements data and mineral-
ogy trends at marked inflexion points (Fig. 6) characterise 
3 major surfaces. Surfaces 1 (meter 42.82) appears to mark 
a rise of the 87Sr/86Sr and Sr/Ca ratios, and Mn content, co-
eval to the lowering of the Mg/Ca ratio and Fe content (Fig. 
6). CaCO
3
 appears to increase values (Fig. 6) for a certain 
period of time (between meters 42.82 to 48.66). Higher up, 
surface 2 (meter 59.94) appears characterised by a similar 
trend in most of the curves (rise of 87Sr/86Sr and Sr/Ca ratios 
and Mn content), and in this case there is a sharp increase of 
Mn content and Fe. At this surface, the rise of CaCO
3
 values 
appears to occur in the following level, and Mg/Ca ratio is 
stable although it rises as well a bit higher up in the section. 
Surface 3 (meter 74.49) seems to have similar trend patterns 
as surface 2 in relation to the 87Sr/86Sr ratio, Mn and CaCO
3 
rapid and sharp rise, whereas Mg/Ca clearly decreases to 
rise a bit higher up in the section. The higher 87Sr/86Sr sig-
natures at surfaces 1, 2 and 3 are indicating major strontium 
fluxes and their isotope ratios into the ocean water (Burke 
et al., 1982; Veizer et al., 1999), which could be due to: i) 
riverine input of radiogenic Sr produced by weathering of 
continental silicate; ii) Sr derived from hydrothermal cir-
culation produced at mid-ocean ridges (Faure, 1986), likely 
coincident with second-order sea level fluctuations (Gaffin, 
1987). It has been pointed out the existence of a level of 
high CaCO
3 
between meters 42.82 to 48.66 that appears co-
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incident with a rise of Mn at meter 45.04. The rise of Mn 
content in surface 1 would support the hydrothermal origin 
of the Sr input into the ocean, as manganese enrichment of 
waters and bottom sediments are normally produced by hy-
drothermal processes at mid-ocean ridges (Edmond et al., 
1979). The Mn content in marine carbonates responds as 
well to variations in sea level and the aragonite to calcite 
ratio production of the platform (Renard et al., 2005; Jarvis 
et al., 2001). In response to sea level (Renard et al,. 2005) 
minimum Mn contents appear related to sequence bounda-
ries, a rise is related to transgressive systems and maximum 
values appear at maximum flooding surfaces, with declining 
values through the following highstand. In the study area 
the maximum flooding that defines the point of maximum 
flooding surface is difficult to identify herein as a single 
surface and instead it is recognized within a zone (MFZ) 
where sequential interpretations obtained analysing the Mn 
curve indicate that surface 1 would represents the maximum 
flooding surface, and therefore surfaces 2 and 3 (with rises 
of Mn) would be minor flooding surfaces produced during 
the Highstand Systems Tract. The Mg/Ca and Sr/Ca ratios 
are related as well to variations in the hydrothermal activ-
ity of the mid-ocean ridges. These ratios are major control-
ling factors involved in the regulation of the mineralogical 
nature of inorganic CaCO
3
 (MacKenzie and Pigott,1981; 
Wilkinson and Given, 1986). Calcite seas appear follow-
ing times of rapid seafloor spreading and global greenhouse 
climate conditions (Stanley and Hardie, 1998). High activ-
ity of mid-ocean ridges, produced at the time of maximum 
flooding surface formation, lead to rapid Ca concentration 
rise in the sea water that permitted to precipitate carbonate 
sediments in the restricted subtidal environment (meters 40 
to 48). The increase of the dissolved Ca produced a decrease 
in sea water Sr/Ca ratio. Instead, Mg content lowering in the 
sea water is slow and progressive due to the long oceanic 
residence time of the Mg. When the Sr/Ca ratio was sta-
bilized, the Mg/Ca continued to decrease progressively for 
a longer period as the Mg content decreased. The inverse 
pattern is observed when hydrothermal activity decreased 
(from meter 45.04; Fig. 6).
Carbonate contents increase as well in response to rising 
sea level (Jarvis et al., 2001). Values increase through each 
Transgressive Systems Tract, reach a maximum around the 
maximum flooding surface (surface 1) and then remain high 
and more or less constant through the Highstand Systems 
Tract (Renard, 1986). 
Therefore, a transgressive and deepening trend, supported 
by the facies association and stacking pattern criteria, ap-
pears to be represented in the lower part of the measured sec-
tion, below the maximum flooding, (surface 1, Fig. 6). The 
Transgressive Systems Tract (TST) is delineated by a retro-
gradational growth of offshoal deposits with tempestites on 
top of intertidal to subtidal deposits, a deep water transgres-
sive wedge. The maximum flooding zone (MFZ) is located 
between levels 18 and 20 (meters 42.82 to 45.04), where 
a turnaround from a retrogradational to a progradational 
stacking trend is produced and inside a geochemical change, 
surface 1, would represent the maximum flooding surface. 
This trend is correlated to similar sections in adjacent ar-
eas (Pérez-Valera and Pérez-López, 2008; Pérez-López and 
Pérez-Valera, 2012). The exact location of the maximum 
flooding zone can be established at the point of 87Sr/86Sr rise, 
together with CaCO
3, 
rise coeval to sea floor spreading, sea 
level rise and Mn enrichment due to hydrothermal activity. 
This is coincident with the low Sr/Ca and later stabilization 
of the Mg/Ca ratios as hydrothermal activity ceased, trends 
that characterise this type of sequences and observed in the 
succession (Fig. 6). The shoal deposits change upwards into 
back shoal and tidal flat prograding deposits, which repre-
sent a regressive succession formed in a Highstand System 
Tract. Surfaces 2 and 3 present similar characters to surface 
1, but the facies stacking indicates as well a change in the 
trend to a progradation. Therefore, these surfaces would rep-
resent flooding surfaces produced within a Highstand Sys-
tem Tract. From surface 1 the deposits represent the general 
progradation of the platform environments towards the sea. 
Mineralogically and geochemically the flooding surfaces 
are marked as well by rises of 87Sr/86Sr ratios, and abrupt 
rises in CaCO
3 
and Mn contents. The juxtaposition of the 
progradational system and the establishment of transitional, 
less marine influenced environments on the area is the likely 
reason for the eventual rise of the 87Sr/86Sr ratio at meter 93 
(Fig. 6). Normally, it is considered that Sr concentration 
progressively decreases from open-ocean to offshore, near-
shore and to brackish water environments (Cochran et al., 
2003). Therefore, this part of the section, characterized by 
a rapid and net increase in 87Sr/86Sr ratio and a general de-
crease in the Sr content, is interpreted as representing the 
moment of stabilization on the carbonate production and the 
emplacement in the area of transitional environments char-
acterized by meteoric and brackish water influenced settings 
that produced dilution of the seawater with meteoric conti-
nental waters (Renard, 1986). This part of the sequence was 
formed possibly during a period of extremely low humidity 
that would enhance high erosion and higher material supply 
form the continent. During the Triassic, the equatorial inner 
Pangaea was characterized by arid climate conditions, with 
only monsoonal rains towards the eastern edge of the super-
continent (Crowley, 1994). Progressive erosion of Pangaea 
highland areas during the Middle Triassic probably stripped 
off the low-ratio sedimentary cover and exposed older, more 
radiogenic rocks to weathering that produced material with 
higher 87Sr/86Sr values. The Sr/Ca ratio lowering in the upper 
part of the sequence, together with the facies analysis and the 
significant 87Sr/86Sr values rise indicate the progradation pat-
tern of the sequence and the establishment of brackish water 
environment in the area. 
Between meters 40 and 80, the 87Sr/86Sr data correlates to 
the values of Korte et al. (2003) curve, therefore allowing 
to attribute this part of the section to an Early Longobardian 
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establish the detailed Early Longobardian age for this part 
of the stratigraphic succession. Meanwhile, higher up in the 
section (from meter 80 and onwards), at the moment of a 
depositional environment change into continental deposits 
takes place, the 87Sr/86Sr values differ significantly to the 
Tethys curve. The Sr/Ca ratio lowering in the upper part of 
the sequence, together with the facies analysis and the signifi-
cant 87Sr/86Sr values rise appear coeval to the progradational 
pattern of the succession and the establishment of brackish 
water environments in the area. 
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